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 Antimicrobial peptides (AMPs) are host defense molecules of the innate 
immune system of all life forms [1, 2]. According to the AMP database, there are over 
2,700 such peptides [3]. They can be divided into seven groups: (I) linear peptides; (II) 
cyclic peptides; (III) glycopeptides; (IV) lipoglycopeptides; (V) lipopeptides; (VI) 
thiopeptides and (VII) chromopeptides. AMPs typically contain fewer than 100 amino 
acids and occur in many cell types. They are generally cationic and amphipathic, and 
homologous peptides exist in vertebrates, invertebrates, and plants. 
Mammalian AMPs belong to the defensin and cathelicidin families. Defensins 
contain six conserved cysteine residues in their sequence and exhibit characteristic 
β-sheet structures stabilized by intramolecular disulfide bonds [4]. Cathelicidins are 
characterized by a highly conserved cathelin-like prosequence and variable 
carboxyl-terminal sequences that correspond to the mature AMPs [5, 6]. Human 
cationic antibacterial protein of 18 kDa (hCAP18, also called LL-37 or FALL39) is the 
only cathelicidin in humans, and is primarily found in the secondary granules of 
neutrophils [6, 7]; LL-37 is released as an active domain from macrophages/monocytes 
and various epithelial cells [8, 9]. 
Only one cathelicidin (hCAP18/LL-37) has been found in myeloid bone 
marrow cDNA and isolated from neutrophils [7, 10, 11]. In humans, cathelicidin exons 
1–4 are located on chromosome 3p21. These are transcribed as a single gene encoding 
CAMP (cathelicidin antimicrobial peptide), a cationic, 18-kDa pre–pro-protein, which 
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is also referred to as hCAP18 [10, 11]. hCAP18 is characterized by an N-terminal signal 
peptide (30 amino acid residues), a highly conserved pro-sequence (103 amino acid 
residues) called the cathelin-like domain, and a mature antimicrobial peptide referred to 
as LL-37 (37 amino acid residues with Leu–Leu at the N-terminus) at the C-terminal 
domain. LL-37 is expressed in almost all tissues and organs, such as neutrophils [11], 
myelocytes [12], testes [7], keratinocytes [13], and saliva [14]. LL-37 is the accepted 
family name for mature AMPs from the C-terminal region rather than the full-length 
protein. FALL-39 (which differs from LL-37 by two amino acids) is analogous to 
PR-39 discovered in cattle [7]. LL-37 has a net positive charge of +6 at a physiological 
pH, a hydrophobic N-terminal domain, and an α-helical conformation that is most 
pronounced in the presence of negatively charged lipids [6]. LL-37 is produced from the 
C-terminal domain of the hCAP18/LL-37 precursor protein by proteolytic cleavage. 
hCAP18/LL-37 from specific neutrophil granules is processed to the active peptide 
LL-37 following exposure to serine proteases, and particularly proteinase 3 from 
azurophil granules after exocytosis. Proteinase 3 cleaves hCAP18/LL-37 between the 
alanyl and leucyl residues [6]. However, proteinase 3 is only expressed in myeloid cells 
and not in epithelial cells. The serine proteases, stratum corneum tryptic enzyme (SCTE, 
kallikrein 5) and stratum corneum chymotryptic protease (SCCE, kallikrein 7), control 
the activation of the precursor protein hCAP18/LL-37 on the skin surface and influence 
further processing to smaller peptides with alternate biological activity [5]. Thus, the 
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activity of cathelicidin is controlled by enzymatic processing of the proform to a mature 
peptide (LL-37) and/or various short forms, such as KR20 in humans (Table 1). In 
addition, the prostate-derived proteinase gastricsin (pepsin C) in the presence of vaginal 
fluid at low pH can also process epididymal-derived hCAP18/LL-37 in seminal plasma 
to functionally active ALL-38 [4]. The antimicrobial activity of ALL-38 against a 
variety of microorganisms is equal to that of LL-37.  
Various stimuli can induce LL-37 production (Table 2). Bacterial infection is 
a particularly strong inducer because AMPs are functional peptides against pathogens. 
Mycobacterium tuberculosis infection induces the expression and production of LL-37 
in a variety of cells, such as epithelial cells, alveolar macrophages, neutrophils, and 
monocyte-derived macrophages [9]. Furthermore, lipopolysaccharide (LPS) induces 
strong production of LL-37. However, some studies have reported that LPS has a 
minimal capacity to stimulate cathelicidin production after blood mononuclear cell 
activation [15]. This could reflect differences among cell types. The production of 
LL-37 was found to be upregulated by both 1,25-hydroxyvitamin D3 and 
25-hydroxyvitamin D3, and the cathelicidin gene is regulated by the vitamin D pathway 
in humans [16-18]. Exposure to sunlight, especially ultraviolet B photons, initiates the 
conversion of the provitamin D3 to previtamin D3 in the skin. The second step in 
vitamin activation is the formation of 1,25-dihydroxyvitamin D (active vitamin D3). 
LL-37 can be induced by ultraviolet B irradiation and is upregulated in infected and 
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injured skin. Grant et al. found that ultraviolet B and vitamin D may reduce the risk of 
several autoimmune diseases and some cancers [19]. Recently, it has been reported that 
LL-37 is induced by various stimuli, such as short-chain fatty acids [20, 21], Zn2+ [22], 
and butyrate, which is a major metabolite produced by intestinal bacteria [23], and 
curcumin. Curcumin has been found to have clinical therapeutic and prevention 
potential for various cancers [24]. Karunagaran et al. showed that curcumin-induced 
apoptosis mainly involves the mitochondria-mediated pathway in various cancer cells 
and that it inhibits proliferation of cancer cells by arresting them at various phases of the 
cell cycle. These effects are similar to those of LL-37 and the analogues [25]. Guo et al. 
reported that curcumin upregulated CAMP mRNA and protein levels in U937 and 
HT29 cells through a vitamin D receptor-independent manner. The anticancer effect of 
curcumin can mediate not only direct signaling pathway but also upregulation of CAMP 
mRNA/the protein level and vitamin D receptor expression [26]. 
Antimicrobial peptides were initially identified as functional antimicrobial 
molecules. Recently, they have been characterized as multifunctional peptides that serve 
a variety of biological roles, such as immune regulation, wound healing, angiogenesis, 
and anticancer functions. Their anticancer activity depends on cancer types. The 
interactions between AMPs and cancer cells influence apoptotic or other pathways and 
can result in cell death. Based on their multifunctional activities, there is a growing 
interest in the development of AMPs as anticancer agents. An updated list of anticancer 
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AMPs is available in the Antimicrobial Peptide Database (APD) 
(http://aps.unmc.edu/AP/main.php). The anticancer activities of human AMPs have not 
been widely evaluated; only six members (HNP-1, HNP-2, HNP-3, hBD-1, LL-37, and 
granulysin) with anticancer effects are annotated in the APD. LL-37 is overexpressed in 
breast, ovarian, and lung cancers, but it occasionally suppresses tumorigenesis in gastric 
cancer [27]. Considering these reports, LL-37 can be associated with dual aspects of 
cancer progression via various receptors, such as epidermal growth factor receptor 
(EGFR), FRP2, ERBb2, P2X7, and GAPDH, or suppression via interaction with 
peptide-based factors and cancer membrane components.  
Cancer is a major world health problem, and it is predicted that there will be 
approximately 26 million new cancer cases and 17 million cancer-related deaths 
annually by 2030 [28]. The management of cancer currently suffers from several issues. 
Cancer treatment strategies include radiation therapy, chemotherapy, and a combination 
of these, chemoradiotherapy, all of which exert cytotoxicity on cancer cells [29, 30]. In 
addition, specific inhibitors are available, which are used for cancer therapy, such as 
receptor tyrosine kinase (RTK) or kinase inhibitors, in the form of monoclonal 
antibodies or small organic molecules [31-33]. Although these treatments lead to 
improvements in many tumor types, they can cause severe side effects and delayed 
neurotoxicity owing to their non-specific mechanisms, which is the first crucial matter. 
The second issue is the development of resistance, which is caused by various factors. 
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Many conventional anticancer reagents target factors related to cancer cell growth and 
show poor tumor penetration, resulting in reduced sensitivity of hypoxic cells in tumors 
that are in a growth-arrested state [34]. Furthermore, the ABCB1 (MDR-1) gene can 
confer multidrug resistance in cancer cells via P-glycoprotein, which belongs to the 
ATP-binding cassette family of transporters [35-37]. P-glycoprotein expression may be 
low before chemotherapy; however, it is induced by chemotherapy, resulting in the 
transport of anticancer reagents from the cell before they interact with their intracellular 
targets [38]. Therefore, to combat cancer, it is necessary to develop an innovative and 
unique therapeutic strategy. Several studies have indicated possible new targets of 
cancer treatment, such as the mitochondria [39], hybrid tubulin-targeting compounds 
[40], and anti-angiogenesis [41]. However, it is generally accepted that the 
accumulation of oncogenes and tumor suppressor gene mutations promotes cancer 
development and cellular heterogeneity. High-throughput DNA sequencing data suggest 
that thousands of point mutations, translocations, amplifications, and deletions 
contribute to cancer development, and that the mutational range differs, even among 
tumors with identical histopathology [42]. Therefore, any therapeutic strategy designed 
to target a single biological event or individual signaling molecules is limited with 
respect to its ability to improve current survival rates, and novel strategies are needed.  
The identification and development of peptides with therapeutically useful 
anticancer potential can be an innovative strategy [43, 44]. AMPs function in first-line 
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defense against infections and exhibit potent cancer cell toxicity [44, 45]. According to 
the APD, approximately 200 peptides have anticancer effects. Accumulating evidence 
supports the role of the human cathelicidin antimicrobial peptide LL-37 in 
carcinogenesis. LL-37 and its fragments and analogues show anticancer effects for 
various cancer cell lines. Part of the LL-37 C-terminal domain (hCAP18109–135: 
FRKSKEK IGKEFKRIVQRIKDFLRNLV) shows anti-proliferative effects on human 
squamous cell carcinoma, SAS-H1, cells (20–40 μg/mL) [46]. Specifically, 
hCAP18109–135 causes apoptosis via mitochondrial depolarization and DNA 
fragmentation but not via caspase activation. Furthermore, analogue peptides with 
replacements of a glutamic acid residue and a lysine residue with leucine (LL/CAP18: 
FRKSKEKIGKLFKRIVQRILDFLRNLV) or phenylalanine (FF/CAP18: 
FRKSKEKIGKFFKRIVQRIFDFLRNLV) at positions 11 and 20, respectively, induce 
apoptotic cell death in a greater extent than did the original peptide (10–40 μg/mL). 
These analogue peptides were designed to increase antimicrobial effects [47], which are 
associated with potent hydrophobic residues. This observation was based on the 
interactions between peptides and cancer cell membrane. These peptides, the LL-37 
fragment, and its products containing amino acid substitutions can cause apoptotic cell 
death in cancer cells that have a more negatively charged cell membrane than in 
non-cancerous cells. Several studies indicate that LL-37 and its fragments and 
analogues show cytotoxicity in other cancer cell types. LL-37 inhibits gastric cancer cell 
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proliferation by the activation of bone morphogenetic protein (BMP) signaling via a 
proteasome-dependent mechanism (4–40 μg/mL) [48], and also induces apoptosis via 
the mitochondrial-associated pathway in Jurkat human T leukemia cells (25–200 
μg/mL) [49]. In all cancer cells in which it suppressed proliferation or promoted 
apoptosis, autophagy, and cell cycle arrest, LL-37 expression was downregulated 
[50-52]. In addition, cathelicidin-deficient mice exhibit increased susceptibility to 
azoxymethane-induced colon carcinogenesis [52]. These observations suggest that 
LL-37 has a direct role in the suppression of tumorigenesis in several types of cancer. 
 Despite the accumulation of scientific knowledge from various studies 
showing that the anticancer action of LL-37 and other AMPs has applications 
potentiality for novel cancer treatment strategies, detailed mechanisms had been still 
largely unknown. In this study, I did research the anti-cancer effects of cathelicidin 
antimicrobial peptide, LL-37 and its analogue, FF/CAP18 on colon cancer cells through 
three subjects.  First, I detected apoptotic cell death on colon cancer cell line HCT116 
cells treated with AMPs. Secondly, I attempted to reveal the changes in the levels of 
metabolites in HCT116 cells undergoing apoptosis by FF/CAP18.  Lastly, I tried to 
identify the changes in miRNAs involved in anticancer effects of AMPs, and role of a 




Table 1. LL-37, short peptides, and analogues  












(Original) 6 + + + [7, 10, 11, 27] 
LL-27 (hCAP18109-135) 
FRKSKEKIGKEFKRIVQRIKDFLRNLV 
(Short) 7 + + + [46, 53] 
LL-CAP18 FRKSKEKIGKLFKRIVQRILDFLRNLV (Analogue designed) 7 + (high) + (high) + (high) [46, 53] 
FF-CAP18 FRKSKEKIGKFFKRIVQRIFDFLRNLV (Analogue designed) 7 + (high) + (high) + (high) [46, 49, 53, 54] 
RK-31 RKSKEKIGKEFKRIVQRIKDFLRNLVPRTES (Short) 7 + ND ND [55] 
KS-30 KSKEKIGKEFKRIVQRIKDFLRNLVPRTES (Short) 6 + ND ND [55] 
KR20 KRIVQRIKDFLRNLVPRTES (Short) 4 + ND ND [55] 
FK16 FKRIVQRIKDFLRNLV (Short) 4 + ND + [48] 
KR12 KRIVQRIKDFLR (Short) 4 + ND ND [56] 











Table 2.  Known factors that induce LL-37 inductin 
Factor Cell types Reference 
Bacterial infection, LPS, TNF-á A549 epithelial cells, alveolar macrophages, neutrophils,  monocyte-derived macrophages, and keratinocytes  [9, 57] 
Vitamin D3 (via VDR) Neutrophil progenitors and EBV-transformed B cells, and cervical epithelial cells [16-18] 
Vitamin D3 and analogues myeloid leukemia, immortalized keratinocyte, and colon cancer cell lines,  [58] 
Short-chain fatty acids HT-29 (colon epithelial cells) and U937 (monocytic cells) [20, 21] 
Zn2+ Caco-2 and intestinal epithelial cells [22] 
Butyrate Colon, gastric, and hepatocellular cells [23] 
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2-1. Abstract.  
Antimicrobial peptides of the cathelicidin family are found in many 
mammalian species, and are focused on various effects other than antimicrobial action. 
In this study, I evaluated the anti-proliferative effect of an analogue peptide, FF/CAP18, 
derived from an endogenous cathelicidin family member against the colon cancer cell 
line HCT116. FF/CAP18 significantly decreased the proliferation of HCT116 cells in a 
dose-dependent fashion. Furthermore, the treatment of HCT116 with FF/CAP18 caused 
loss of mitochondrial membrane potential, and resulted in the immunoreactivity to the 
single-strand DNA antibody, suggesting the early stage of apoptosis. Interestingly, the 
anti-proliferative effect of FF/CAP18 was constant regardless of the genotype of p53 
(wild-type and p53 mutant type HCT116 cells). Therefore, the signaling pathway of p53 
is not involved in the growth suppression effect of the cathelicidin analogue peptide. 
These results indicate that the treatment of certain types of cancer cells with FF/CAP18 
may increase the sensitivity of the chemotherapeutic reagents, which might relate to the 
reduction of the side effects. 
 
2-2. Introduction 
Antimicrobial peptides of cathelicidin family are found in many mammalian 
species, such as human being, bovine and swine [59]. As the role of endogenous 
hCAP18/LL-37 (human cationic antimicrobial peptide of 18 kDa), the innate immunity 
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of this peptide to prevent the infection was previously reported [1]. The antimicrobial 
peptide, hCAP18/LL-37 is expressed in various types of organs, such as leucocytes [11], 
myelocytes [12], testis [7], skin [13], nasal mucosa [60], saliva [14], and the 
gastrointestinal tract [61]. The protein expression and following secretion of the 
hCAP18/LL-37 result in the involvement of this peptide in the body fluids, such as 
serum, urine and sweat. The existence of hCAP18/LL-37 in these body fluids is 
expected to have a biological significance to prevent the bacterial proliferation, and 
following infection at the local tissues. In addition to the anti-infectious effect, the 
anti-proliferative effect of analogue peptide of hCAP18/LL-37 was reported to induce 
apoptosis against the human squamous cell carcinoma cell line, SAS-H1 [46]. Although 
the antimicrobial peptide is expected to induce the pore formation on the cellular 
membrane [2, 62], the detailed mechanism is poorly understood as to how 
hCAP18/LL-37 induces the anti-proliferative effect to the malignant cancer cells. In a 
previous study, the analogue peptide of hCAP18/LL-37, which is removed 5 residues 
from each end (hCAP18109-135) and has two amino acid substitutions from the original 
hCAP18/ LL-37, was reported to have stronger anti-proliferative effect, compared with 
hCAP18109-135 [46]. The anti-proliferative effect of hCAP18 and its analogue peptide 
against the squamous cell carcinoma cell line (SAS-H1) led us to form the hypothesis 
that these peptides might be effective in other types of cancer, such as colon cancer. 
Colon cancer is classified as one of the major cancers in recent years. The 5-year 
 19 
relative survival rate is around 90%, when detected at early stage of carcinogenesis 
(stage I). In the late stage, such as metastatic stage, the average of median survival 
duration is 5-6 months, indicating the high lethality of colon cancer [63]. The 
effectiveness of chemotherapeutic regents is very different among the multiple types of 
cancers [64, 65]. This situation guided us to evaluate whether hCAP18/LL-37 and its 
analogue peptides are effective in preventing cell proliferation, in the colon cancer 
derived cell line HCT116. The specific reason for selecting HCT116 as the material is 
the existence of its genetic mutant of p53 tumor suppressor gene. The p53 gene product 
is known to have a central role for apoptosis, cell cycle arrest, DNA repair, tumor 
suppression p53 protein for the protection against carcinogenesis, p53 is called the 
‘guardian of genome’ [66]. Bunz et al established the p53 null mutant with the 
homologous recombination technique from the wild-type HCT116 [67]. Although 
wild-type of HCT116 cells still keep the role of p53, the null mutant cells lost the 
function of the p53. Therefore, I can address the association of the p53 gene to the 
specific phenomenon, when I compared the response of the p53 wild (p53+/+) and null 
mutant (p53-/-) cells. In this study, I exposed the hCAP18/LL-37 and its analogue 
peptides to HCT116 cells, and evaluated the efficacy to prevent proliferation. Moreover, 
I compared the effects of peptides among the p53+/+ and p53-/- HCT116 cells. Our study 
would explore the effectiveness of the anti-microbial peptide, hCAP18/LL-37, in colon 
cancer, and addresses the role of p53 gene on its anti-proliferative effect. 
 20 
2-3. Materials and methods 
2-3-1. Cell culture and reagents. 
 The human colon cancer derived cell line, HCT116, and the isogenic HCT116 
p53-/- cells were kindly provided by Dr Bert Vogelstein (The Johns Hopkins University, 
Baltimore, MD, USA). Cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) (Nakarai Tesque, Inc., Kyoto, Japan) with 10% FBS (Invitrogen, Carlsbad, 
CA, USA), 1% antibiotic-antimycotic mixed stock solution (Nakarai Tesque, Inc., 
Kyoto, Japan) at 37˚C in 5% CO2. All cells were kept under the exponential growth 
condition, and used as the experimental materials. 
 
2-3-2. Peptides 
 Primary structure of the original hCAP18/LL-37 is represented as 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES. The hCAP18109-135 is the 
peptide of 27 mer, which resulted from the removal of the first and last five amino acids 
from hCAP18/LL-37. To enhance the anti-microbial activity, FF/CAP18 was designed 
by replacement of glutamic acid and lysine residue with phenylalanine 
(FRKSKEKIGKFFKRIVQRIFDFLRNLV) of hCAP18109-135. 
 
2-3-3. Cell growth assay.  
 HCT116 and HCT116 p53-/- cells were seeded at 5.0 × 105 cells per 48-well 
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plate (Falcon, Franklin Lakes, NJ, USA) with complete culture medium, and incubated 
at 37˚C in 5% CO2. Twenty-four hours later, medium was changed with or without 
FF/CAP18 peptide (total concentration was 10 μg/mL or 40 μg/ml) in the 250 μl 
complete culture medium. The cells were stained with trypan blue (Invitrogen), and the 
cell concentration was counted by Countess Automatic Cell Counter (Invitogen) at 24, 
48, 72 and 96 h after the exposure of the peptides. 
 
2-3-4. MitoCapture™ assay. 
 Disruption of mitochondrial transmembrane potential is one of the earliest 
intracellular events that occur following induction of apoptosis [68]. This 
transmembrane change can be visualized using MitoCapture™ (Mitochondrial 
Apoptosis Detection kit, MBL, Nagoya, Japan), under the unfixed cell condition. 
Mitocapture™ assay was performed according to manufacturer's instructions. The 
signal of the MitoCapture™ was detected by a fluorescence microscope system 
(FSX100, Olympus, Tokyo, Japan). 
 
2-3-5. Immunohistochemistry for single strand (ss) DNA.  
 The genomic DNA causes fragmentation at the time of apoptosis due to the 
cleavage of the DNase I, which is activated by caspases. To detect the DNA 
fragmentation and following apoptosis, I conducted immunohistochemical staining of 
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single strand DNA (ss-DNA) for peptide treated cells. The immunohistochemical study 
was performed on cells prepared by 4% paraformaldehyde solution in PBS after 
incubation in a 48-well plate with or without FF/CAP18. The fixed cells were washed 
with PBS, incubated with 0.5% Triton X-PBS solution for 30 min on ice for 
permeabilization. As the positive control for the DNA fragmentation, the cells were 
treated with the recombinant DNaseI (Takara Bio Inc., Shiga, Japan) at 37˚C in 5% 
CO2 for 1 h. As the negative control, cells treated with the same volume of PBS was 
used. After PBS wash, the cells were treated with 2% normal goat serum in PBS as 
blocking buffer for 1 h at room temperature. Anti ss-DNA Rabbit IgG Affinity Purify 
(Immuno-Biological Laboratories Co., Ltd., Gunma, Japan) was used as first antibody. 
The samples were exposed to 0.6 μg/mL of antibody at 4˚C overnight. Cells were 
washed with PBS for 5 min 3 times, treated with Alexa Fluor 488 (Invitrogen) as 
second antibody for 2 h at room temperature under protection from light. The nuclei 
were visualized by staining with 1 μg/ml of the 4',6-diamidino-2-phenylindole (DAPI) 
(Dojindo Laboratories, Kumamoto, Japan). The staining feature was detected by a 
fluorescence microscope system (FSX100, Olympus). 
 
2-3-6. Statistical analysis.  
 In this study, all of the experiments were carried out with at least triplicated 
samples. Means and standard errors were calculated. The statistical significance was 
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2-4-1. Effect of LL-37 and FF/CAP18 on HCT116 growth. 
To investigate the effect of cathelicidin family anti-microbial peptides, I 
exposed LL-37 and the analogue FF/CAP18, to the colon cancer HCT116 cells. The 
effect to the cell growth was evaluated at 24, 48, 72 and 92 hour at 40 μg/mL 
concentration of the peptide. As shown in Figure 1A, a relatively slower cell growth 
(FF/CAP18 treated group) was observed at both 72 and 96 hour. However, the effect of 
the LL-37 was relatively less when it is compared with that of FF/CAP18 (Figure 1A). I 
considered that cathelicidin peptides have a potential to suppress the cell growth of the 
colon cancer cells. As the next experiments, I detected the detailed antiproliferative 
effect of FF/CAP18 to the HCT116 cell line, at the multiple dose and time points. I 
could not see any anti-proliferative effect of FF/CAP18 until 48 hour (Figure 1B). At 72 
hours, cell number treated with 10 and 40 μg/mL FF/CAP18 was significantly low 
(p<0.05), when compared with that of non-treated cells (control). At 96 hour, the cell 
number treated with 40 μg/mL of FF/CAP18 was significantly low (p<0.05). From 
these results, I concluded that FF/CAP18 has growth inhibition ability to the HCT116 
from 10 μg/mL. Furthermore, the effect of the FF/CAP18 to HCT116 was 
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dose-dependent to the peptide concentration. To estimate the cell condition, the cell 
morphology of the peptide treated cells was compared with that of the control cells 
(Figure 1C). Although the growth suppression was obvious in the peptide treated cells, I 
did not see remarkable change on the morphology of the cells (Figure 1C). 
 
2-4-2. Loss of mitochondrial membrane potential.  
Loss of mitochondrial membrane potential is associated with early stage of 
apoptosis. In present study, MitoCapture™ is used for detection of this stage. 
MitoCapture™ is a cationic dye that enables the accumulation of red fluorescence 
aggregation in the corresponding area of the mitochondria, due to its transmembrane 
potential. In contrast, in the early stage of apoptosis, the disruption of the mitochondrial 
trans-membrane potential is one of the intracellular events, therefore, the aggregation of 
the red fluorescence does not occur in the cells, which stay in the early stage of 
apoptosis. Furthermore, mitochondrial depolarization causes a regression in red 
fluorescence and an increase in green fluorescence due to the presence of the 
monomeric form of the dye in the cytoplasm. To address the cell status of the HCT116 
cells treated with the FF/CAP18, the MitoCapture™ was applied to the analysis. As 
shown in Figure 2, the control HCT116 cells showed the intense red signals, which 
indicate that the mitochondria of control HCT116 cell is intact (Figure 2A). In contrast, 
the cells treated with FF/CAP18 showed decreased signal intensity when compared with 
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the control (Figure 2B). Furthermore, although it signal was faint, certain cell 
population at high cell density showed green fluorescence, compared with the control 
(data not shown). These results showed that FF/CAP18 causes loss of mitochondrial 
membrane potential. 
 
2-4-3. DNA fragmentation by FF/CAP18. 
As the next step from the mitochondrial disruption, the activation of DNase I 
and fragmentation of the genomic DNA occurs in the process of apoptosis. To detect 
the DNA fragmentation, I carried out the detection with the anti ss-DNA antibody. In a 
previous study, the detection of anti ss-DNA antibody was more sensitive in detecting 
apoptotic cells, and with low background, and high specificity was indicated, when 
compared with the TUNEL method [69]. The immunostaining of anti ss-DNA antibody 
showed the intense positive staining on the nuclei in the positive control cells. For the 
positive control, I used the HCT116 cells treated with DNase I. The almost no signal in 
the nuclei in the non-treatment cells (Figure 3A-C), and the intense staining in the 
positive control (Figure 3D-F) facilitate that our detection of the single strand DNA in 
the nucleus is specific. HCT116 cells, treated with FF/CAP18, showed intense signals 
in a limited number of cells. The cells showed relatively condensed nuclear, and intense 
positive reactivity for the anti ss-DNA antibody (Figure 3G-I, arrows). From these data, 
although based on a limited number of population, I concluded that FF/CAP18 
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treatment induces apoptotic cell death in HCT116 cells, which possibly explained the 
antiproliferative effect. 
 
2-4-4. The anti-proliferative effect of FF/CAP18 in the p53-/- HCT116 cells. 
The p53 is classified as the genomic guardian due to its nature as the tumor 
suppressor gene, and loss of function of p53 is commonly observed in around 50% in 
various types of cancers. The results in the previous section showed that the addition of 
10 or 40 μg/mL of FF/CAP18 peptide suppresses the HCT116 cells. I expected that the 
cellular growth data in p53 mutant of HCT116 would reveal whether p53 tumor 
suppressor pathways is involved in the anti-proliferative effects of FF/CAP18. As 
shown in Figure 4, the exposure of 10 or 40 μg/mL of FF/CAP18 peptide significantly 
suppressed the cell growth of p53-/- HCT116, which is exactly same result as in p53 
wild-type HCT116 cells. The growth of the p53-/- cells was suppressed at 72 and 96 
hour in the 10 or 40 μg/mL treated groups, in a dose-dependent fashion. Therefore, I 
could not detect any difference in the growth suppression effects of FF/CAP18 peptide 
among the p53-/- and p53 wild-type HCT116. I also evaluated the difference between 
wild-type and p53 mutant of HCT116, in the the MitoCapture™ assay, and 






Figure 1. Anti-proliferative effect of cathelicidin family peptide, LL-37 and FF/CAP18 
on the colon cancer derived cell line, HCT116. (A) Cells were treated with LL-37 or FF/
CAP18 at 40 μg/ml for 96 h at 37˚C. Each time point contains 4-5 duplications, and the 
mean  value  and  SE  are  shown.  The  asterisks  indicate  the  statistical  significance. 
**P<0.01. (B) The dose-dependent anti-proliferative effect of FF/CAP18 on the HCT116. 
Each time point contains 6-8 duplications, and the mean value and SD are shown. The 
asterisks indicate the statistical significance. **P<0.01, *P<0.05. Note that 40 μg/ml of 
FF/CAP18 showed significant impact to the cell growth of HCT116. (C) Morphology of 
HCT116 cells with (1) or without FF/CAP18 (2). Bar, 100 μm.
C
Figure 2. The detection of the disruption of mitochondria membrane with the mitocapture 
method. (A) The detection of the red fluorescence deposit on the mitochondria in wild-
type HCT116 cells. (B) The results of FF/CAP18 treated HCT116. Note that remarkable 
reduction of the red fluorescence was observed. Bar, 100 μm.	
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Figure 3.  The detection of  the genomic DNA fragmentation with single  strand DNA 
antibody.  (A-C) No treatment  control.  Results  with anti  ss-DNA antibody (A),  DAPI 
staining (B), merge (C) are shown. (D-F) Positive control cells, treated with the DNAse I. 
(G-I) FF/CAP18 treated cells. Note arrows showing positivity for anti ss-DNA antibody. 
Bar, 50 μm.	
Figure  4.  The  anti-proliferative  effect  of  FF/CAP18 peptide  to  p53-/-  HCT116 cells. 
HCT116 p53-/- cells were treated with or without FF/CAP18 (10 and 40 μg/ml) in cell 
culture medium for 96 h at 37˚C. Each time point contains five duplication, and its mean 
value and SE were plotted on the graph. The asterisks indicate the statistical significance, 




In this study, I showed that the hCAP18/LL-37 analogue peptide, FF/CAP18 has 
anti-proliferative effect on human colon cancer cell HCT116 via inducing 
depolarization of the partial mitochondrial membrane, which is the earlier stage of 
apoptosis. The further key finding in this study is that the antiproliferative effect of this 
peptide is independent from the p53 signaling pathway. 
The cationic antimicrobial peptides, such as BMAP-27, BMAP-28, and 
α-difensin, are known to induce apoptosis of tumor cells through mitochondrial damage 
[70-72]. The hCAP18/LL-37 belongs to the cathelicidine anti-microbial peptide family, 
which includes BMAP-27 and -28. The cytoplasmic membranes of bacteria contain 
many anionic phospholipids, causing a negative charge on the cell surface. The cationic 
antimicrobial peptides, such as hCAP18/LL-37, and BMAP-27 are expected to have a 
positive charge. The interaction between positive charge of the peptide and negative 
charge of the bacterial membrane is one of the possible explanations how these peptides 
preferably bind to the bacteria. After the binding of these peptides to the bacteria, the 
peptides are expected to form the pore on the cell membrane [2, 62] or induce the 
leaking out of the intracellular molecules, resulting in cell death [2, 6]. In general, there 
are several reports that the cancer cells have high contents of anionic phospholipids in 
their cell membranes, when compared with that of normal cells [73, 74]. Based on this 
concept, the cathelicidine anti-microbial peptides might preferably bind to cancer cells, 
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when compared with normal cells. 
The genetic diversity of the malignant cancer is one of the important 
characteristics. Okumura et al reported that hCAP18109-135 (active domain of hCAP18 
synthesized as C-terminal 27 amino acids) and its modified peptide, FF/CAP18 
efficiently suppress cell growth of the squamous cell carcinoma SAS-H1 (10). In brief, 
Okamura et al reported that both hCAP18109-135 and FF/CAP18 are effective in 
suppressing the growth of the SAS-H1, but its effect was more obvious in FF/CAP18 
[46]. In this study, I observed the anti-proliferative effect of FF/CAP18, and almost no 
effect on cell growth in case of LL-37. FF/CAP18 has modified amino acids to enhance 
the negative charge of the peptide. The difference of the anti-proliferative effect among 
the LL-37 and FF/CAP18 might be explained by the grade of the negative charge of the 
peptide. Furthermore, the results of the current study showed that there is diversity 
among the multiple cancer cell lines for the anti-proliferative effect of FF/CAP18. 
FF/CAP18 treated HCT116 cells showed the slower growth, and showed 
disruption of the mitochondrial membrane, which can be observed at early stage of 
apoptosis. Until this stage, squamous cell carcinoma cell line, SAS-H1 and colon cancer 
derived cell line HCT116, showed very similar results. However, in case of SAS-H1, 
the DNA fragmentation was detected after gel electrophoresis, indicating that SAS-H1 
entered into the late stage of apoptosis. In contrast, in this study, I could not detect the 
massive fragmentation of the genomic DNA, which was detected by electrophoresis of 
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the genomic DNA. These results suggest that the sensitivity to the peptide is different 
depending on the nature of each cancer cell line. 
For the detection of the apoptotic cells in HCT116, I first tried the detection 
of the apoptosis cells with the standard TUNEL method. However, an obvious high 
background in FF/CAP18 treated cells was observed (data not shown) and specific 
detection with the TUNEL method was difficult. Although the detailed situation is 
unknown, the non-specific binding of the terminal transferase might occur due to the 
peptide treatment (data not shown). In contrast, fluorescence staining of anti ss-DNA 
antibody works well, due to the simple immunostaining. The staining of the ss-DNA 
antibody was previously reported as the effective method to detect apoptotic 
cells in cancer tissues [69]. 
The disruption of mitochondrial membrane in the process of apoptosis is 
largely affected by the function of the p53 gene. The p53 gene is activated after ultra 
violet and/or radiation exposure [75, 76]. Although numerous p53 functions have been 
studied on carcinogenesis, the induction of the cell cycle arrest at G1S and G2M phase 
of the cell cycle, is when the cell is exposed to damage [77, 78]. In this study, the 
wild-type and p53 mutant of HCT116 cells did not show any difference in response to 
the FF/CAP18 treatment. Our results are in good agreement with the previous published 
results in SAS-H1. In brief, Okumura et al reported that the cell death induced by the 
hCAP18109-135 or FF/CAP18 is independent of the activation of the caspase, which is the 
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major downstream molecule of the p53 dependent apoptosis [46]. Although the detailed 
molecular pathway of the cell death induced by the LL-37 or FF/CAP18 is not clear, I 
revealed that the anti-proliferative effect of LL-37 or FF/CAP18 is independent from 
p53 tumor suppressor pathway, with the genetic mutant of HCT116 colon cancer cell 
line. 
In recent years, the anticancer effects of several natural compound-derived 
peptides or toxin have been reported, such as defensin peptide family from a beetle, 
Allomyrina dichotoma [79] or the toxin like peptide piericin from cabbage butterfly 
[80]. The anticancer effect of these naturally-derived peptides or toxins is not as strong 
as the chemotherapeutic reagents, however, the anti-proliferative effect might increase 
the sensitivity of the chemotherapeutic reagents, which might relate to the reduction of 
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3-1. Abstract.  
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Metabolic reprogramming is one of the hallmarks of cancer and can be 
targeted by therapeutic agents. I previously reported that cathelicidin-related or 
modified antimicrobial peptides, such as FF/CAP18, have antiproliferative effects on 
the squamous cell carcinoma cell line SAS-H1, and the colon carcinoma cell line 
HCT116. Although antimicrobial peptides have potential use in the development of new 
therapeutic strategies, their effects on the metabolism of cancer cells are poorly 
understood. Here, I investigated changes in the levels of metabolites in HCT116 cells 
caused by FF/CAP18, via capillary electrophoresis time-of-flight mass spectrometry 
(CE-TOFMS). Analysis of the 177 intracellular metabolites and 113 metabolites in 
conditioned medium that were detected by CE-TOFMS, revealed dramatic changes in 
the metabolic profile of HCT116 cells after treatment with FF/CAP18. The metabolic 
profile showed that the levels of most metabolites in the major metabolic pathways 
supported the rapid proliferation of cancer cells. Purine metabolism, glycolysis, and the 
TCA cycle, were altered in FF/CAP18-treated cells in a dose-dependent manner. Our 
present study provides mechanistic insights into the anticancer effects of antimicrobial 






Cancer is described as one of the major world health problems [81]. 
Colorectal cancer is the third most common malignancy worldwide and nearly 1.4 
million new cases were reported in 2012 [61]. Accumulation of oncogenes and tumor 
suppressor gene mutations can contribute to cancer development. Highthroughput DNA 
sequencing data suggested that thousands of point mutations, translocations, 
amplifications, and deletions may contribute to cancer development, and that the 
mutational range can differ, even among tumors with identical histopathology [82]. 
Therefore, any therapeutic strategy designed to target individual signaling molecules 
has limitations in improving current survival rates and novel strategies are needed. 
Metabolic reprogramming is one of the hallmarks of cancer, in addition to 
gene mutation [83]. To support rapid cell division and the process of tumor progression, 
cancer cells need to generate energy by reprogramming their metabolism. It is well 
established that cancer cells can generate ATP through glycolysis rather than oxidative 
phosphorylation, even in the presence of oxygen (the Warburg effect) [84]. 
Characteristic metabolic reprogramming, including the Warburg effect, is consistently 
seen in various cancers, despite numerous gene mutations, indicating that cancer cell 
metabolic pathways could be useful therapeutic targets. Hirayama et al [85] and Soga et 
al [86] reported metabolic profiling of human colon and stomach cancers, and compared 
the levels of metabolites in tumor and normal tissues using capillary electrophoresis 
time-of-flight mass spectrometry (CE-TOFMS). Recently, the use of metabolome 
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analysis has remarkably developed in various research fields, such as clinical research, 
cell biology, and plant studies [87-89]. Metabolomics is the final step in the ‘omics’ 
cascade, of genomics, transcriptomics, and proteomics, and can provide global 
information on low-molecular-weight metabolites [90, 91]. Metabolome analysis could 
reveal the influences on cancer metabolism of anticancer agents, and accelerate 
biomarker discovery based on the determination of metabolomic differences between 
normal and cancerous tissue. 
Members of the cathelicidin family of antimicrobial peptides are endogenous 
factors playing key roles in cancer regulation [27]. Human cathelicidin antimicrobial 
protein, hCAP18, is the only member of the cathelicidin family in human cells; its 
C-terminal domain, LL-37, is released by proteolytic cleavage, and shows various 
effects, such as antibacterial, antiviral, wound-healing, and immunoregulatory effects [1, 
92]. LL-37 is expressed in epithelial cells of a number of organs [61]. A previous study 
showed that the expression of LL-37 was markedly downregulated in human colon 
cancer tissue, whereas exogenous LL-37 induced apoptotic cell death in cultured colon 
cancer cells. In addition, cathelicidin-deficient mice exhibited increased susceptibility to 
azoxymethane-induced colon carcinogenesis [52]. 
I previously reported that a 27-residue analogue of the LL-37 peptide, 
FF/CAP18, induced apoptotic cell death, via mitochondrial membrane depolarization 
and DNA fragmentation, in the oral squamous cell carcinoma cell line SAS-H1, [46] 
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and the colon carcinoma cell line HCT116 (CHAPTER 2). Although these findings 
suggest that antimicrobial peptides have possible anticancer effects and could be 
targeted for new therapeutic strategies, the full mechanisms of their suppressive effects 
on metabolic pathways are still largely unknown. In the present study, using 
metabolome analysis by CE-TOFMS, I identified changes in energy metabolism caused 
by FF/CAP18 during the process of apoptosis in human colon cancer cells. 
 
3-3. Materials and methods 
3-3-1. Cell culture and peptides. 
The human HCT116 colon carcinoma-derived cell line was provided by Dr 
Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA). The cells were 
maintained in Dulbecco's modified Eagle's medium (Nacalai Tesque, Kyoto, Japan) 
containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and a 5% 
antibioticantimycotic mixed stock solution (Nacalai Tesque) at 37˚C and 5% CO2. 
Before being used for experiments, cells were routinely maintained under 
exponential-proliferation conditions. The cells were treated with a 0.25% trypsin-EDTA 
solution (Nacalai Tesque) to dislodge them at each passage. The primary structure of 
LL-37 is represented in a single amino acid code as follows: 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES. To enhance antimicrobial 
activity, FF/CAP18 was designed by the replacement of a glutamic acid residue and a 
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lysine residue with phenylalanine at positions 11 and 20, respectively, of the 27mer 
(FRKSK EKIGK EFKRI VQRIK DFLRN LV) which resulted from the removal of the 
first and last five amino acids of LL-37. FF/CAP18 (FRKSK EKIGK FFKRI VQRIF 
DFLRN LV) was synthesized by the method previously described [47].  
 
3-3-2. Detection of apoptosis using a combined Annexin V-7-aminoactinomycin D 
(7-AAD) assay. 
One feature of the early stages of apoptosis is externalization of plasma 
membrane phosphatidylserine to the cell surface. Owing to this process, cells showing 
the early stages of apoptosis can be identified via binding of Annexin V, which has high 
affinity for phosphatidylserine, whereas cells in the late stage of apoptosis or necrosis 
show no affinity for Annexin V. Furthermore, 7-AAD, a fluorescent DNA-binding 
agent that intercalates between cytosine and guanine, also allows the distinction of cells 
that are alive, dead, or in the early or late stages of apoptosis. The combination of these 
two reagents is available as a powerful apoptosis-detection tool in the Muse® Annexin 
V and Dead Cell assay kit (Merck Millipore, Darmstadt, Germany). After incubation 
with FF/CAP18 for 96 h, cells were trypsinized, transferred into 1.5-ml microtubes, and 
subjected to centrifugation at 800 x g for 5 min. Cell pellets were resuspended in 100 μl 
of fresh medium, and the Muse Annexin V and Dead Cell Dye assay kit reagent was 
added (100 μl to each tube) with mixing. After incubation for 20 min at room 
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temperature, cells were applied to a Muse Cell Analyzer (Merck Millipore). 
 
3-3-3.  Metabolome extraction.  
Samples of cells and of conditioned medium were obtained 96 h after 
administration of FF/CAP18. Cell samples were washed twice with a 5% solution of 
mannitol and covered with methanol. Cells were harvested after addition of the internal 
standard solution (Human Metabolome Technologies, Tsuruoka, Japan), and subjected 
to centrifugation for 5 min at 2,300 x g, 4˚C. The aqueous layers were collected into 
ultrafiltration units (EMD Millipore, Billerica, MA, USA) and subjected to 
centrifugation for 2.5 h at 9,600 x g, 4˚C. The conditioned medium from cell cultures 
was directly collected to prepare medium samples. The sampled medium was mixed 
with the internal standard solution, and subjected to centrifugation for 2.5 h at 9,600 x g, 
4˚C.  
 
3-3-4. Measurement of metabolites.  
CE-TOFMS was carried out using an Agilent 7100 CE system equipped with 
an Agilent 6210 TOFMS system, Agilent 1100 high-performance liquid 
chromatography system with isocratic pump, Agilent G1603A CE-Mass Spectrometry 
(MS) Adapter kit, and Agilent G1607A CE Electrospray Ionization-MS Sprayer kit 
(Agilent Technologies, Waldbronn, Germany). The systems were controlled using the 
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Agilent G2201AA ChemStation software, version B.03.01, for CE (Agilent 
Technologies). Metabolites were analyzed using a fused silica capillary (50 μm internal 
diameter x 80 cm length), with commercial electrophoresis buffer (Solution ID: 
H3301-1001 for cation analysis and I3302-1023 for anion analysis; Human 
Metabolome Technologies) as the electrolyte. The sample was injected at a pressure of 
50 mbar for 10 sec (equivalent to ~10 nl) in the cation analysis, and at 50 mbar for 25 
sec (equivalent to ~25 nl) in the anion analysis. The spectrometer was scanned across a 
mass-to-charge ratio (m/z) of 50-1,000. Other conditions were as previously described 
[93-95]. The peaks detected by CE-TOFMS were extracted using MasterHands 
automatic integration software (Keio University, Tsuruoka, Japan) in order to obtain 
peak information including m/z, migration time (MT), and peak area [96]. Signal peaks 
corresponding to isotopomers, adduct ions, and other product ions of known metabolites 
were excluded, and the remaining peaks were annotated with putative metabolites from 
the Human Metabolome Technologies metabolite database, based on their MT and m/z 
values. The tolerance range for the peak annotation was configured at ±0.5 min for MT 
and ±10 parts per million for m/z. In addition, peak areas were normalized to those of 
the internal standards, and the resultant relative area values were then further 
normalized to the sample amount. Hierarchical cluster analysis (HCA) and principal 
component analysis (PCA) were carried out using the proprietary software, PeakStat 
and SampleStat, respectively (Human Metabolome Technologies). Detected metabolites 
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were plotted on metabolic pathway maps using the Visualization and Analysis of 
Networks containing Experimental Data software [97]. 
 
3-3-5. Statistical analysis. 
In the combined Annexin V binding-7-AAD staining assay, the ratio of cells 
at each apoptotic stage was expressed as the mean ± standard deviation. Statistical 
differences were tested with Student's t-test. The statistical significance of differences in 
the 177 intracellular metabolites and the 113 metabolites detected in conditioned 
medium, between treated and untreated cells, was determined using Welch's t-test. A 












3-4-1. Apoptosis detection using the Annexin V-7-AAD assay. 
Combined Annexin V and 7-AAD reactivity allowed classification of cells 
into four groups, as follows: early apoptotic cells [Annexin V (+) and 7-AAD (-)], late 
apoptotic or dead cells [Annexin V (+) and 7-AAD (+)], dead cells [Annexin V (-) and 
7-AAD (+)], and live cells [Annexin V (-) and 7-AAD (-)]; see the scatter plots in 
Figure 5, A. Treatment of HCT116 cells with FF/CAP18 at 10 μg/mL induced high 
affinity for Annexin V, as shown by the right shift of the scatter plot compared with that 
of non-treated cells, indicating early apoptosis (Figure 1A, middle panel). On the other 
hand, FF/CAP18 treatment at 40 μg/mL increased the number of cells that were positive 
for Annexin V (+) and 7-AAD (+), indicating that a high dose of FF/CAP18 induced 
apoptotic cell death in HCT116 cells. The ratio of HCT116 cells at each stage of 
apoptosis after treatment with the two different doses of FF/CAP18 is summarized in 
Figure 5, B. The percentage of live cells decreased significantly in a dose-dependent 
manner (Figure 5, B). The percentage of cells in early apoptosis, however, significantly 
increased with 10 μg/mL FF/CAP18 treatment, whereas, the percentage of late 
apoptotic and dead cells only increased with 40 μg/mL treatment (Figure 5, B). From 
these results, I concluded that early-stage apoptosis was induced by a comparatively low 
dose (10 μg/mL) of FF/CAP18, whereas high-dose treatment (40 μg/mL) could cause 
late-stage apoptosis and cell death.  
3-4-2. Heat map and PCA representation of metabolome data from HCT116 cells.  
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The 177 intracellular metabolites and 113 metabolites in conditioned medium 
were detected as peaks by CE-TOFMS, and mapped onto metabolic pathways for ease 
of viewing, as shown in Figure 6 (cells) and Figure 7 (conditioned medium). Overall 
trends of the intracellular metabolomic changes in HCT116 cells treated with 
FF/CAP18 and non-treated cells were analyzed by Euclidean-distancebased HCA, and 
the results are presented as a heat map (Figure 8). The metabolomic profile of HCT116 
cells treated with 10 μg/mlL FF/CAP18 showed high values for the metabolites in 
cluster 2, including amino acids, and tricarboxylic acid (TCA) cycle intermediates. In 
contrast, the metabolomic profile of HCT116 cells treated with 40 μg/mL FF/CAP18 
was reversed in comparison to the profile for treatment with 10 μg/mL FF/CAP18. I 
also confirmed that the metabolomic profiles of HCT116 cells treated with FF/CAP18 
at 10 or 40 μg/mL were reversed for metabolites in cluster 1, including nucleotides and 
nucleosides. These trends were made even clearer from the results of the PCA of 
metabolome data for HCT116 cells treated with FF/CAP18 (Figure 9). The 
concentration of FF/CAP18 was reflected in principal component 1; principal 
component 2 demonstrated the difference between treatment and non-treatment of cells 
with FF/CAP18. Therefore, treatment with FF/CAP18 exerted a dramatic change on the 




3-4-3. Purine metabolism. 
Purine metabolism is an important pathway in order to supply nucleotides, 
such as 2'-deoxyadenosine triphosphate and 2'-deoxyguanosine triphosphate, for 
aggressive DNA synthesis in cancer cells. Figure 10 shows the metabolic pathway of 
purine metabolism. The levels of adenosine triphosphate (ATP) and guanosine 
triphosphate (GTP) measured in HCT116 cells treated with FF/CAP18 at 10 μg/mL 
(dark grey bar) were higher than in non-treated cells (black bar); simultaneously, a 
slight increase was detected in the levels of adenosine diphosphate (ADP), adenosine 
monophosphate (AMP), guanosine monophosphate (GMP), and guanosine diphosphate 
(GDP). In contrast, in HCT116 cells treated with FF/CAP18 at 40 μg/ml (pale grey bar), 
there was a substantial decrease in the levels of ATP and GTP, whereas the levels of 
ADP, AMP, GMP, and GDP showed marked increases. These results suggest a 
high-energy status in HCT116 cells treated with the low dose (10 μg/mL) of FF/CAP18. 
However, HCT116 cells treated with the high dose of FF/CAP18 (40 μg/mL) fall into 
an energy-depleted status compared with non-treated and low-dose-treated cells. I could 
also confirm the presence of derivatives of purine, including adenine, hypoxanthine, and 
guanine, in HCT116 cells treated with a high dose of FF/CAP18. Additionally, 
increased uric acid was detected in conditioned medium sampled after culturing 
HCT116 cells with a high dose of FF/CAP18 (Figure 10); uric acid is the final product 
of purine metabolism, and these data indicate that treatment of HCT116 cells with a 
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high dose of FF/CAP18 facilitates the degradation of purine metabolites. 
 
3-4-4. Glycolysis and the pentose phosphate pathway (PPP). 
 Glycolysis is the key pathway for cancer cells to generate the energy that is 
required to support rapid cell division and cancer progression. I mapped the glycolysis 
pathway and a metabolic pathway branching from glycolysis, the PPP, as shown in 
Figure 7. The levels of glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P) were 
increased after treatment with FF/CAP18, in a dose-dependent manner. The level of 
fructose 1,6-bisphosphate (FBP), however, tended to be lower in cells treated with 10 
μg/ml FF/CAP18 than in non-treated cells, and FBP was not detectable in cells treated 
with FF/CAP18 at 40 μg/ml. Downstream metabolites, such as 3-phosphoglycerate, 
phosphoenolpyruvate, pyruvic acid and lactic acid similarly showed downregulation. 
Pyruvic acid and lactic acid in conditioned medium also showed a slight decline in level 
in HCT116 cells treated with FF/CAP18 (Figure 11). 
The PPP metabolites ribulose 5-phosphate (Ru5P), ribose 5-phosphate (R5P), 
and sedoheptose 7-phosphate (S7P) were upregulated in a dose-dependent manner, 
whereas 6-phosphogluconate and xylose 5-phosphate were not detected. These data 
indicate that glycolysis in HCT116 cells was suppressed downstream of FBP in the 
presence of FF/CAP18, and the cells had shifted their metabolism towards the PPP. 
3-4-5. TCA cycle. 
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I observed significant differences in the levels of metabolites of the TCA 
cycle. While all metabolites detected in this study were upregulated in HCT116 cells 
treated with 10 μg/ml FF/CAP18, most metabolites of the TCA cycle were 
downregulated, with the exception of succinic acid, and then only in HCT116 cells 
treated with 40 μg/mL FF/CAP18 (Figure 12); I could not confirm significant 
differences between HCT116 cells treated with FF/CAP18 at 10 and 40 μg/mL in the 
data for conditioned medium (Figure 7). Therefore, the TCA cycle in HCT116 cells was 
likely to be facilitated by the administration of FF/CAP18 at 10 μg/mL. On the other 















Figure 5. LL-37 and FF/CAP18 show anti-proliferative effects on HCT116. (A) Cells 
were treated with LL-37 or FF/CAP18 at 40 μg/ml for 96 h at 37˚C. Each time point 
contains 4-5 duplications, and the mean value and SE are shown. The asterisks indicate	
the statistical significance. **P<0.01. (B) Viability of HCT116 cells after treatment with 
LL-37, FF/CAP18, or Sc/FF for 48 hours at the concentration of 100–1.5625 µg/mL. 
Each data is presented as mean ± SD of triplicate experiments. (* p < 0.05; ** p < 0.001).	
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Fig. 6.  Metabolome data map of all  metabolic pathways in HCT116 cells.   Each bar 
represents the relative amount of a metabolite for non-treatment (blue), and treatment 
with FF/CAP18 at 10 μg/mL (red) or 40 μg/mL (green).  All metabolite data are shown as 
the mean of triplicate samples ± standard deviation.
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Fig. 7. Metabolome data map of all metabolic pathways for conditioned medium.  Each 
bar represents the relative amount of a metabolite for control medium (blue), conditioned 
medium after culture of HCT116 cells (red), and conditioned medium after culture of 
HCT116 cells treated with FF/CAP18 at 10 μg/mL (green) or 40 μg/mL (yellow).  All 
metabolite data are shown as the mean of triplicate samples ± standard deviation.
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Figure 8. Euclidean-distance-based heat map of metabolites in non-treated HCT116 cells 
(left), and HCT116 cells treated with FF/CAP18 at 10 μg/ml (middle) or 40 μg/ml (right). 
The  color  scale  from  green  to  red  indicates  low  to  high  correlation,  respectively. 
Hierarchical cluster analysis was carried out using the proprietary software, PeakStat.	
Figure 9.  Principal  component  analysis  (PCA) plot  of  metabolome analysis  data  that 
characterizes the trends exhibited by the expression profiles of non-treated HCT116 cells 
(blue), HCT116 cells treated with FF/CAP18 at 10 μg/ml (red) and HCT116 cells treated 
with FF/CAP18 at 40 μg/ml (green). The x-axis shows the distance of PC1 and the y-axis 




Figure 10. Metabolome data map of the purine metabolic pathway in HCT116 cells (cell-
derived data) and conditioned medium (medium-derived data). Each bar represents the 
relative amount of a metabolite for non-treatment (black), treatment with FF/CAP18 at 
10 μg/ml (deep grey) or 40 μg/ml (light grey) and control medium (white). All metabolite 
data are shown as the mean of triplicate samples ± standard deviation. The P-values were 
evaluated  using  Student's  t-test.  The  asterisks  indicate  the  statistical  significance. 
*P<0.05; **P<0.01; ***P<0.001.	
Figure  11.  Metabolome  data  map  of  the  glycolysis  metabolic  pathway  and  PPP,  in 
HCT116 cells and in conditioned medium (medium data). Each bar represents the relative 
amount of a metabolite for non-treatment (black), treatment with FF/CAP18 at 10 μg/ml 
(deep grey) or 40 μg/ml (light grey) and control medium (white). All metabolite data are 
shown  as  the  mean  of  triplicate  samples  ±  standard  deviation.  The  P-values  were 













Figure 12. Metabolome data map of the TCA cycle in HCT116 cells. Each bar represents 
the relative amount of a metabolite for non-treatment (black), treatment with FF/CAP18 
at  10  μg/ml  (deep  grey)  or  40  μg/ml  (light  grey),  and  control  medium (white).  All 
metabolite data are shown as the mean of triplicate samples ± standard deviation. The P-
values  were  evaluated  using  Student's  t-test.  The  asterisks  indicate  the  statistical 
significance. *P<0.05; **P<0.01; ***P<0.001.	
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3-5. Discussion 
Several studies have revealed anticancer activity of antimicrobial peptides, as 
demonstrated by oncolytic properties against many cancer cell types [98]. However, the 
impact of antimicrobial peptides on cell metabolism is poorly understood, although 
metabolic reprogramming is a hallmark of cancer cells. Our study demonstrates 
large-scale metabolic profiling of colon cancer cells after treatment with an 
antimicrobial peptide, FF/CAP18, and suggests that the apoptotic cell death of colon 
cancer cells induced by FF/CAP18 is a result of dynamic levels of metabolites. 
In the present study, PCA and HCA of large-scale metabolic profiling 
demonstrated remarkable differences between non-treated HCT116 cells, cells treated 
with FF/CAP18 at 10 μg/ml, and cells treated with 40 μg/ml FF/CAP18 (Figure 8 and 
9). A great number of metabolites, including nucleotides, TCA cycle components, and 
amino acids in HCT116 cells, increased in HCT116 cells after treatment with 
FF/CAP18 at 10 μg/ml compared with non-treated cells, indicating that FF/CAP18 
could induce favorable metabolic conditions at this comparatively low concentration. 
On the other hand, at a concentration of 40 μg/mL, FF/CAP18 caused shortages of a 
number of metabolites. In previous studies, including our own, the cytotoxicity of 
various antimicrobial peptides towards cancer cells was reported to be dose-dependent 
[46, 99]. Thus, the results of the present study indicate that the levels of metabolites in 
cells undergoing apoptotic cell death caused by antimicrobial peptides do not show 
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unidirectional movement in the same way as the concentration-dependent effects 
previously reported. 
 ATP generation occurs via glycolysis rather than oxidative phosphorylation 
in cancer cells; defined as the Warburg effect, this is a well-established metabolic 
characteristic of cancer cells. I observed upregulation of the first three intermediates in 
the glycolysis pathway (glucose 1-phosphate (G1P), G6P, and F6P), or of only the 
second two intermediates (G6P and F6P), after treatment of FF/CAP18 at 10 or 40 
μg/mL, respectively (Figure 11). However, as the levels of intermediates downstream of 
FBP were not increased in this dose-dependent manner, conversion of F6P to FBP is the 
rate-limiting step of glycolysis, and ATP generation via glycolysis is suppressed by 
administration of FF/CAP18. When apoptosis is induced in cells, their metabolism is 
regulated by various factors, such as the TP53-inducible glycolysis and apoptosis 
regulator, which blocks glycolysis at the stage of conversion of F6P to FBP and 
promotes activity of the PPP [100]. G1P and fructose 1-phosphate are used to 
synthesize R5P, an intermediate of the PPP, as an alternative route for glucose 
metabolism. In this study, the levels of PPP intermediates (Ru5P, R5P, and S7P) were 
increased in FF/CAP18-treated HCT116 cells compared with non-treated cells (Figure 
11). Therefore, an antimicrobial peptide, FF/CAP18, can shift glucose metabolism 
towards the PPP and reduce the Warburg effect, resulting in slow glycolysis.  
 Interestingly, intermediates in the TCA cycle were increased by 
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administration of FF/CAP18 at 10 μg/mL (Figure 12), indicating that HCT116 cells 
acquire ATP via mitochondrial respiration, not glycolysis, in the early stage of 
apoptosis caused by FF/CAP18 treatment. On the other hand, most of the TCA cycle 
intermediates in HCT116 cells treated with FF/CAP18 at 40 μg/mL were downregulated 
(Figure 12). This inverse relationship with the concentration of FF/CAP18 occurred in 
connection with the progression of apoptosis in treated HCT116 cells. Mitochondrial 
depolarization is a major event in the progression of apoptosis, and I confirmed that 
treatment with FF/CAP18 at 40 μg/mL induced this process in HCT116 cells in a 
previous study (CHAPTER 2), suggesting that downregulation of intermediates in the 
TCA cycle is potentially caused by this alteration in mitochondrial function. 
 Apoptotic cell death requires ATP for the progression of several steps, such 
as caspase activation, enzymatic hydrolysis of macromolecules [101, 102], chromatin 
condensation [103], bleb formation [104], and the formation of apoptotic bodies [105]. 
Zamaraeva et al suggested that elevation of the ATP level is a prerequisite for the 
apoptotic cell death process [106]. FF/CAP18 treatment at 10 μg/mL could trigger 
apoptosis of HCT116 cells via upregulation of ATP generated by oxidative 
phosphorylation rather than glycolysis. Moreover, increasing the FF/CAP18 
concentration to 40 μg/mL induced late-stage apoptosis that was accompanied by a 
reduction of the ATP level via suppression of glycolysis and the TCA cycle and resulted 
in conditions wherein most metabolites were depleted. 
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Owing to screening and/or improved treatment, colorectal cancer mortality 
rates have been observed to be decreasing in a large number of countries [107]. 
However, the increasing prevalence of obesity and decreasing levels of physical activity 
in many parts of the world continue to contribute to the incidence of colorectal cancer. 
In addition, sensitivity to chemotherapy and severe side effects remain unresolved 
issues. Therefore, the discovery of novel therapeutic strategies for colorectal cancer is 
the focus of intense research efforts. 
Antimicrobial peptides are an essential component of the innate immunity of 
many organisms, and target a wide range of infectious disease agents, such as fungi, 
protozoa [108], the human immunodeficiency virus and herpes viruses [109]. Whereas 
antimicrobial peptides have been studied as antimicrobial agents, their potential as 
anticancer peptides in cancer therapy, either alone or in combination with other 
conventional drugs, has been regarded as a therapeutic strategy yet to be explored [98]. 
Indeed, several recent studies have suggested that antimicrobial peptides possibly exert 
cytotoxic effects against colon cancer via apoptotic death [52, 110]. Thus, our study, 
approaching this issue from the point of view of metabolic changes, can support an 
understanding of the mechanisms of anticancer agents such as antimicrobial peptides, 
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Antimicrobial peptides (AMPs) play important roles in the innate immune 
system of all life forms and recently have been characterized as multifunctional peptides 
that have a variety of biological roles such as anticancer agents. However, detailed 
mechanism of antimicrobial peptides on cancer cells is still largely unknown. miRNA 
array and real-time qPCR were performed to reveal the behavior of miRNA in colon 
cancer HCT116 cells during the growth suppression induced by the AMPs.  
Establishment of miR-663a over-expressing HCT116 cells was carried out for the 
evaluation of growth both in vitro and in vivo. To identify the molecular mechanisms, I 
used western blotting analysis. miR-663a is upregulated by administration of the human 
cathelicidin AMP, LL-37, and its analogue peptide, FF/CAP18, in the colon cancer cell 
line HCT116. Over-expression of miR-663a caused anti-proliferative effects both in 
vitro and in vivo. I also provide evidence supporting the view that these effects are 
attributed to suppression of the expression of the chemokine receptor CXCR4, resulting 
in the abrogation of phosphorylation of Akt and cell cycle arrest in G2/M via p21 
activation. This study contributes to the understanding of the AMPs’ mediated 
anti-cancer mechanisms in colon cancer cells and highlights the possibility of using 





 Colon cancer represents the third most commonly diagnosed malignancy in 
males and the second in females with more than 1.3 million cases reported and 693,900 
deaths recorded in 2012 worldwide [111]. According to American Cancer Society, in 
the U.S., estimated new cases of colon cancer go up to 134,490, and 49,190 people will 
die in 2016 [112]. Today, six types of standard treatments are used to fight colon 
cancer: surgery, radiofrequency ablation, cryosurgery, chemotherapy, radiation therapy, 
and targeted therapy [113]. Chemotherapy is used before surgery to shrink the tumor, 
after surgery, or both before and after for patients with advanced stage cancer. A huge 
range of mutations such as chromosomal translocations, amplifications, and deletions 
can induce cancer development. If tumors are diagnosed with identical histopathology, 
mutations in each cancer can be different [114, 115]. Therefore, all therapeutic 
strategies, including chemotherapy, designed to target individual signaling molecules 
have limitations in improving current survival rates. Thus, the effectiveness of 
chemotherapeutic agents is not uniform among patients, and the discovery of biological 
factors and novel therapeutic strategies is very important for colon cancer treatment. 
 microRNAs (miRNAs) are small, endogenous, single-stranded RNAs of 18–
22 nucleotides in length, that are emerging as important modulators of gene expression. 
miRNAs participate in diverse biological processes such as cell differentiation, 
proliferation, and apoptosis through a myriad of targets [116]. Recent studies have 
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provided several insights into the relationship between miRNAs and colon cancer, and 
miRNAs are potentially crucial for successful colon cancer therapy [117, 118]. 
Antimicrobial peptides (AMPs) play important roles in the innate immune system of all 
forms of life [2]. According to the AMP database (http://aps.unmc.edu/AP/main.php), 
over 2,700 such peptides have been reported with more than 190 peptides listed as 
anti-cancer peptides. I previously described that FF/CAP18, the analogue peptide of 
human cathelicidin AMP, can induce apoptotic cell death on SAS-H1 squamous cells 
carcinoma-derived cell line [46] and HCT116 cells colon cancer-derived cell line 
(CHAPTER 2). Although the relationships between several cancers and AMPs have 
been widely evaluated, there are many limitations in applying AMPs as new strategies 
for cancer therapy, such as digestive system complications and production costs. 
Therefore, investigating the mechanisms of AMPs effects against colon cancer from a 
wider perspective is needed to obtain novel therapeutic targets and strategies. 
These observations triggered our interest to investigate the regulation and effects of 
miRNAs expression by AMPs in colon cancer cells. Here, I report that miR-663a is 
upregulated by the administration of human cathelicidin LL-37 and its analogue peptide 
FF/CAP18 in the colon cancer cell line HCT116. Our findings suggest that miR-663a 
modulates HCT116 cells by modulating cell proliferation and apoptosis, suppressing the 
chemokine receptor CXCR4, abrogating phosphorylation of Akt, and arresting the cell 
cycle at the G2/M phase via activation of p21. These results suggest that the induction 
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of miR-663a and the consequent modulation of the CXCR4-p21 pathway could be 
targeted by AMPs for cancer treatment.  
 
4-3. Materials and Methods 
4-3-1. Cell line and reagents 
Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA) 
provided the human HCT116 colon carcinoma-derived cell line. The cells were 
maintained in Dulbecco's modified Eagle medium (Nacalai Tesque, Kyoto, Japan) 
containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and a 5% 
antibiotic/antimycotic mixed stock solution (Nacalai Tesque) at 37˚C and 5% CO2. 
Before being used for the experiments, cells were routinely maintained under 
exponential-proliferation conditions. The cells were treated with a 0.25% trypsin-EDTA 
solution (Nacalai Tesque) to dislodge them at each passage. 
The primary structure of LL-37 in single amino acid code is as follows: 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES. To enhance the 
antimicrobial activity, FF/CAP18 was designed by the replacement of a glutamic acid 
residue and a lysine residue with phenylalanine at positions 11 and 20, respectively, of 
the 27mer (FRKSKEKIGKEFKRIVQRIKDFLRNLV), which resulted from the 
removal of the first and last five amino acids of LL-37 [47]. FF/CAP18 
(FRKSKEKIGKFFKRIVQRIFDFLRNLV) and its scrambled control peptide (Sc/FF: 
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IKLIRFRGDVKQRFIKLERSFNKFFKV) were synthesized by the method described in 
CHAPTER 3. 
 
4-3-2. miRNA micro array 
 HCT116 cells were seeded at a density of 5.0×105 cells/well in a 6-well plate. 
After 24 hours of incubation, cells were treated with LL-37 (40 μg/mL and 80 μg/mL) 
and FF/CAP18 (10 μg/mL and 40 μg/mL) for 24 hours. Total RNA, including miRNA, 
was extracted using the miRNeasy Mini Kit (QIAGEN, Venlo, The Netherlands) 
according to the manufacturer’s instructions. RNAs quality (concentrations, OD260/280 
and OD260/230) were measured using a BioSpec-nano (Shimadzu, Kyoto, Japan), and 
100 ng of each total RNA was analyzed. Labeling and hybridization were conducted 
using the miRNA Complete Labeling Reagent and Hyb kit (Agilent Technologies, 
Santa Clara, CA), and then scanned on an Agilent Technologies Microarray Scanner 
(Agilent Technologies). Each spot was quantified using Agilent Feature Extraction 
10.7.3.1 (Agilent Technologies). 
 
4-3-3. RT-qPCR 
 To conduct the quantitative reverse transcription PCR (RT-qPCR) for the 
detection of miR-663a expression level, complementary DNA (cDNA) synthesis from 
miRNA was performed using miRCURY LNATM Universal RT microRNA PCR 
 63 
Starter Kit (EXIQON, Vedbaek, Denmark), according to manufacturer’s instructions. 
Then, real-time PCR amplification was performed in a 10 μL solution containing PCR 
master mix, PCR primer mix (EXIQON, product no: 204284), and cDNA template. 
Similarly, cDNA synthesis from total RNA was carried out using PrimeScript™ II 1st 
strand cDNA Synthesis Kit (TaKaRa Bio, Shiga, Japan) and RT-PCR was performed in 
a 12.5 μL solution containing 2 × SYBR Premix Ex Taq II (Tli RNaseH Plus, TaKaRa 
Bio), 1 μL cDNA, and 0.4 μM of each primer. The sequences of the primers are 
available in Additional file 1 (Table 3). Each RT-qPCR assay was performed in 
triplicate using the Thermal Cycler Dice Real Time System Single (TaKaRa Bio). 
Relative expression levels were calculated by the ΔΔCt method. The expression levels 
of target genes such as miR-663a and other genes were normalized to U6 and GAPDH, 
respectively. 
 
Table 3. List of primers 
 
Gene name Forward (5' - 3') Reverse (5' - 3') 
 
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 
 
p53 ATGGAGGAGCCGCAGTCAGAT GCAGCGCCTCACAACCTCCGT 
 
p21 AGGCACCGAGGCACTCAGAG AGTGGTAGAAATCTGTCATGCTG 
 






4-3-4. Establishment of miRNA over-expressing cells 
 To establish miR-663a over-expressing colon cancer cells, 
pLV-[hsa-mir-663a] plasmid (BioSettia, San Diego, CA) was introduced into the 
HCT116 cells. Recombinant lentiviruses with vesicular stomatitis virus G glycoprotein 
were produced as described previously [119]. HCT116 cells were seeded at a density of 
1.0×105 cells/well in a 6-well plate and inoculated with pLV-[hsa-mir-663a] lentivirus 
at a multiplicity of infection (MOI) of five for virus in the presence of 6 μg/mL 
polybrene. HCT116 cells with pLV-[hsa-mir-ctrl] (empty vector) were established as a 
control cell line in a similar manner (HCT116 miR-CTRL). Cells transduced with these 
vectors were cloned using 1 μg/mL puromycin administered for 48 hours before each 
experiment. 
 
4-3-5. Proliferation assay 
 Cell proliferation was measured by WST-8 colorimetric assay (Dojindo, 
Tokyo, Japan). Cells were seeded in 96-well plates at a cell density of 2 × 103 and 
incubated for 24 hours. Cells were incubated with or without peptides for another 48 
hours at the final concentrations in the range of 1.56-100 μg/mL and the assay was 
conducted according to manufacturer’s instructions. WST-8 reagent was added to each 
well, and the samples were incubated for 4 hours. The absorbance was measured at a 
wavelength of 450 nm using Synergy™ HT (BioTek, Winooski, VT, USA). All assays 
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were performed in three independent experiments (n = 3). Cell viabilities (%) were 
calculated as relative values based on the absorbance of non-treated cells (100%). 
 
4-3-6. Cell cycle analysis 
  Cell cycle analysis was carried out using the Muse Cell Cycle Kit and Muse 
Cell Analyzer (Merck Millipore, Darmstadt, Germany). Cells were harvested by 
trypsinization and fixed by 70 % ice-cold ethanol. After fixation, cell pellets were 
resuspended in Muse Cell Cycle Kit reagent, incubated for 30 min, and protected from 
light until further analysis. Cell cycle analysis carried out by the method supplied by the 
manufacturer. 
 
4-3-7. Western blot analysis 
 Cells were homogenized in lysis buffer (1 M Tris-HCl at pH 7.4, 3 M NaCl, 
1% Triton X-100, 6 mM sodium deoxycholate, and 0.5% protease inhibitor cocktail 
(Nacalai Tesque, Kyoto, Japan). The detailed method for western blotting has been 
described in our previous report [120]. A mouse monoclonal antibody against p21 
(1:1000, Medical & Biological Laboratories Co., LTD., Aichi, Japan), p53 (1:1000, 
Abcam, Cambridge, UK), cdc2 (1:1000, Cell Signaling Technology (CST), Danvers, 
MA, USA), and α-tubulin (1:1000, Santa Cruz Biotechnology, Inc., Dallas, US), and 
rabbit monoclonal antibodies against Akt (1:1000, CST), phospho-Akt (1:2000, CST), 
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and phospho-cdc2 (1:1000, CST) were used as primary antibodies. The corresponding 
secondary antibodies: sheep anti-mouse IgG conjugated to horseradish peroxidase and 
sheep anti-rabbit IgG conjugated to horseradish peroxidase, 1:2000 (GE Healthcare, 
Little Chalfont, Buckinghamshire, UK) were used as secondary antibodies. Signals on 
the membranes were detected using an ECL prime kit (GE Healthcare), and the image 
was obtained with the LumiCube (Liponics, Inc., Tokyo, Japan). Signal intensity was 
quantified by using the JustTLC software (Sweday, Sodra Sandby, Sweden). 
 
4-3-8. Xenograft model 
 Animal experiments were conducted in accordance with the guideline for the 
Regulations for Animal Experiments and Related Activities at Tohoku University 
(Approval number: 2016AgA-039). The backs of 6-week- old female 
BALB/cA.Jcl-nu/nu (CLEA Japan Inc., Tokyo, Japan) were inoculated with 5.0 × 106 
HCT116 cells. Tumor size was monitored at 2-day intervals by measuring the length 
and width with calipers, and its volumes were calculated with the formula: (L × W2) × 
0.5, where L is length and W is width of each tumor. FF/CAP18 and Sc/FF were 
co-administered at 10 mg/kg per mouse. Tumor weight was determined at day 14. 
Medetomidine hydrochloride (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol 
tartrate (5 mg/mL) were administrated by intraperitoneal injection for anesthesia. Mice 




4-3-9. Statistical analysis 
 The data are expressed as the mean ± SD of three independent experiments 
performed in triplicate. The statistical analyses were performed using the Student’s t test. 


















4-4-1. miR-663a is a major upregulated miRNA in HCT116 cells treated with 
LL-37 and FF/CAP18 
 The cathelicidin antimicrobial peptide, LL-37, induced growth suppression 
significantly in the colon cancer cell line HCT116 (Figure 13A) at a concentration 
higher than 50 μg/mL. FF/CAP18, an analogue peptide of LL-37, suppressed growth 
more intensely compared to LL-37. I attempted to reveal the behavior of miRNA in 
HCT116 cells during the growth suppression induced by the AMPs. miRNA array 
analysis revealed that 17 miRNAs were increased 2-fold or greater in HCT116 cells 
after treatment with LL-37 (40 μg/mL) compared to that in non-treated cells (Table 4). 
Among these miRNAs, miR-663a and miR-513a-5p were upregulated dose-dependently 
after the administration of LL-37. Both miRNAs showed higher expression levels in 
HCT116 cells treated with FF/CAP18 than those treated with LL-37. The expression 
level of miR-663a increased 80 times or greater compared with miR-513a-5p. This 
result confirmed reproducibility in other RT-qPCR experiments (Figure 13B). These 
results prompted us to explore the role of miR-663a in HCT116 cells. 
 
4-4-2. Over-expression of miR-663a delays cell proliferation in HCT116 cells 
 To identify the role of miR-663a in HCT116 cells, I established 
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over-expressing miR-663a HCT116 cells using a lentivirus vector system. HCT116 
cells transduced with lentiviruses harboring control vector (Figure 13C: miR-ctrl cells) 
and miR-663a-expressing vector (Figure 13C: miR-663a cells) expressed red 
fluorescence (Figure 13C: rPuro). The RT-qPCR identified that HCT116 cells 
transduced with miR-663a-expressing vector expressed miR-663a 2–3-folds higher than 
control vector-introduced HCT116 cells (Figure 13D). In miR-663a overexpressing 
cells, colony morphology was smaller than non-infected cells (wt) and control cells 
(Figure 13C). Moreover, miR-663a over expressing cells exhibited senescence-like 
morphology displayed as enlarged cytosol (Figure 13C). These morphological features 
motivated us to examine the proliferation, and the WST-8 assay revealed that miR-663a 
expressing cells had suppressed growth compared to HCT116 cells and miR-ctrl cells 
(Figure 13E). Thus, these results suggest that miR-663a is the main upregulated miRNA 
stimulated by the antimicrobial peptides LL-37 and FF/CAP18 and its expression has an 
anti-proliferative effect on colon cancer cells. 
 
4-4-3. Anti-proliferative effect of miR-663a is through p53-independent p21 
phosphorylation 
 I sought to reveal the mechanisms of the anti-proliferative effect on HCT116 
cells due to the upregulation of miR-663a. Cell cycle analysis uncovered that miR-663a 
over-expressing cells are arrested in the G2/M phase compared with wt and miR-ctrl 
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cells, whereas cells in G1/G0 phase are decreased (Figure 14A). Cell cycle is regulated 
in a rigorous manner by various regulators. The p53 gene, called ‘the guardian of the 
genome,’ is one of the most important genes for control of the cell cycle and cell death 
[66]. This gene expression level was not changed between the three types of HCT116 
cells (Figure 14B, upper). Interestingly, p21, the downstream transcription target gene 
of p53, was upregulated in over-expressing miR-663a HCT116 cells (Figure 14B, 
lower). These tendencies were also confirmed at protein levels (Figure 14C). Moreover, 
I confirmed expression levels of the cell cycle regulators involved in the G2/M phase, 
total cdc2 protein, and cdc2 phosphorylated at tyrosine (Tyr) 15. Western blotting 
revealed that the total cdc2 level in HCT116 miR-663a was lower than that in wt and 
miR-ctrl, and the ratio of phospho-cdc2 (Tyr 15) /total cdc2 (p-cdc2/cdc2) was higher 
than that in other two types of HCT116 cells (Figure 14, C). These observations indicate 
that miR-663a could cause cell cycle arrest in the G2/M phase in colon cancer cells 
mostly through a p21 dependent mechanisms. 
 
4-4-4. Over-expressing miR-663a suppresses tumorigenesis in a mouse xenograft 
model 
 To evaluate the possible anti-tumorigenic effects of miR-663a, I performed a 
xenograft model assay. Average tumor volume between the group inoculated with 
HCT116 miR-ctrl and HCT116 miR-663a was significantly different between 10 to 14 
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days (Figure 15A). The tumor weight of the miR-663a group at 14 days was also lighter 
than that of the miR-ctrl group (Figure 15B). I examined whether FF/CAP18 has 
anti-tumorigenesis effects in HCT116 cells. Tumor volume and final weight were 
reduced significantly in the group of mice simultaneously inoculated with HCT116 cells 
and FF/CAP18 (10 mg/kg) compared with the Sc/FF (10 mg/kg) inoculation group 
(Figure 16). Histopathologically, subcutaneous tumor cells were similar to each other in 
the xenograft model. There was no translocation to various organs such as the kidney, 
spleen, heart, or liver, with only one exception of the lung in the ctrl group (data not 
shown). These results indicate that introduction of miR-663a suppresses the growth of 
human colon cancer cells in tumors in vivo and in vitro. Additionally, miR-663a can 
contribute in inhibiting tumorigenesis of HCT116 cells treated with FF/CAP18. 
 
4-4-5. Anti-proliferative effects arising from miR-663a are executed through the 
CXCR4-Akt pathway 
Results so far demonstrate that miR-663a could induce anti-proliferative 
effects on colon cancer cells via p21-associated cell cycle arrest in the p53 independent 
pathway. To identify the detailed mechanism of this pathway, I focused on Akt and 
CXCR4. Western blotting detected that phospho-Akt and CXCR4 expressions were 




Table 4. Upregulated miRNAs in HCT116 treated with AMPs 
 Fold Change 
 LL-37  FF/CAP18 
miRNA 40 µg/mL 80 µg/mL  40 µg/mL 
hsa-miR-3663-3p 162.04 ND  58.19 
hsa-miR-4271 145.10 ND  359.22 
hsa-miR-630 139.54 ND  194.83 
hsa-miR-371a-5p 123.04 ND  ND 
hsa-miR-1181 112.97 ND  ND 
hsa-miR-575 112.85 ND  315.56 
hsa-miR-939-5p 96.13 ND  83.80 
hsv2-miR-H6-5p 94.15 ND  ND 
hsa-miR-663a 61.85 215.81  277.49 
hsa-miR-135a-3p 27.81 ND  ND 
hsa-miR-132-3p 3.21 ND  ND 
kshv-miR-K12-3-5p 3.16 3.09  ND 
hsa-miR-10a-5p 3.05 ND  ND 
hsa-miR-762 3.03 2.16  ND 
hsa-miR-513a-5p 2.26 4.59  8.37 
hsa-miR-99a-5p 2.10 ND  ND 
hsa-miR-1915-3p 2.09 2.41  ND 






Figure  13.  miR-663a is  the  major  upregulated miRNA in HCT116 cells  treated with 
LL-37 and FF/CAP18. (A) Viability of HCT116 cells after treatment with LL-37, FF/
CAP18, or Sc/FF for 48 hours at the concentration of 100–1.5625 μg/mL. Each data is 
presented as mean ± SD of triplicate experiments. (* p < 0.05; ** p < 0.001). (B) Relative 
expression of miR-663a in HCT116 cells treated with LL-37 (40, 80 μg/mL) and FF/
CAP18 (40 μg/mL). Each data is shown as mean ± SD of triplicate experiments. (* p < 
0.05; ** p < 0.001). (C) Morphology of established over-expressing miR-663a HCT116 
cells  using  the  lentivirus  vector  system.  HCT116  cells  transduced  with  lentiviruses 
harboring  control  vector  (miR-ctrl)  and  miR-663a-expressing  vector  (miR-663a) 
expressed red fluorescence (rPuro).  (D)  The RT-qPCR analysis  showed that  HCT116 
cells  transduced  with  miR-663a-expressing  vector  expressed  miR-663a.  Each  data  is 
shown as mean ± SD of triplicate experiments. (* p < 0.05). (E) Proliferation of HCT116 
cells (wt) and HCT116 cells transduced with lentiviruses harboring control vector (miR-
ctrl) and miR-663a-expressing vector (miR-663a) for 4 days. Each data is presented as 
mean ± SD of triplicate experiments. (** p < 0.001).	
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Figure  14.  miR-663a  induced  cell  cycle  arrest  following  p21  expression  and 
accumulation of the inactive form of cdc2 in HCT116 cells. (A) Cell cycle was examined 
by the MUSE cell analyzer and representative data are shown. The percentage of cells in 
G0/G1, S, and G2/M phases are presented as mean ± SD of triplicate experiments. (** p 
< 0.001).  (B) The mRNA expression of p21 and p53 were determined by qPCR and 
relative expression levels are shown as mean ± SD of triplicate experiments. (** p < 
0.001). (C) Protein levels of p53, p21, cdc2, phospho-cdc2 (Tyr15), and atubulin in the 
total cell lysates were determined by western blotting analysis. Representative data of 
three experiments are shown. Ratio of phospho-cdc2 (Tyr15)/cdc2 was calculated after 




Figure 15. miR-663a suppresses tumorigenesis of HCT116 in a xenograft  model.  (A) 
Growth curves of HCT116 tumors after nude mice were injected with miR-663a (square) 
or  control  miRNA (triangle).  The volume of the tumors derived from both cells  was 
evaluated at 2-day intervals for 14 days and plotted as the percentage relative to day 0. 
Each plot is shown as mean ± SD of four experiments (* p < 0.05; ** p < 0.001). (B) 
Tumor weight was measured 14 days after the inoculation of over-expressing miR-663a 
HCT116  cells  harboring  control  vector.  Each  plot  is  shown  as  mean  ±  SD  of  four 
experiments  (**  p  <  0.001).  (C)  Photographs  illustrating  mice  tumors  derived  from 
control cells (miR-ctrl: arrows) and over-expressing miR-663a HCT116 cells (miR-663a) 
14 days after inoculation.	
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Figure 16. FF/CAP18 suppresses tumorigenesis of HCT116 in a xenograft model. (A) 
Growth curves of HCT116 tumors after simultaneous injection of nude mice with FF/
CAP18 (square)  or  control  peptide,  Sc/FF (triangle).  The  volume of  the  tumors  was 
derived  from both  cells  evaluated  at  2-day  intervals  for  14  days  and  plotted  as  the 
percentage relative to day 0. Each plot is shown as mean ± SD of four experiments (* p < 
0.05;  **  p  <  0.001).  (B)  Tumor  weight  was  measured  14  days  after  inoculation  of 
HCT116 cells with Sc/FF and FF/CAP18. Each plot is shown as mean ± SD of four 
experiments (* p < 0.05). (C) Photographs illustrating mice tumors derived from control 
cells treated with Sc/FF (Sc/FF: arrows) and HCT116 cells treated with FF/CAP18 (FF/












Figure 17. miR-663a can target the CXCR4-Akt pathway. Protein levels of CXCR4, Akt, 
phospho-Akt, and αtubulin in the total cell lysates were determined by western blotting 
analysis. Representative data is shown in triplicate experiments. Ratio of phospho-Akt/
Akt was calculated after digitalization by using JustTLC and shown as mean ± SD of 
triplicate experiments (** p < 0.001). 	
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4-5. Discussion 
 miRNAs play a key role in many crucial biological processes such as cell 
proliferation, differentiation, and apoptosis in colon cancer, and continued efforts will 
help identify new targets for the diagnosis, prognosis, and management of colon cancer 
[117, 121, 122]. Recently, miR-663a, which belongs to the primate specific miRNAs, 
was detected as a tumor suppressing miRNA in several cancer cells including colon 
cancer cells [123-125]. In the present study, I identified miR-663a as the upregulated 
miRNA in the colon cancer cell line HCT116 treated with human cathelicidin AMP, 
LL-37 and its analogue, FF/CAP18. Moreover, I revealed that upregulated miR-663a in 
HCT116 cells induced the suppression of growth through cell cycle arrest at the G2/M 
phase. 
 LL-37 is the C-terminal domain of hCAP18 protein and known as the only 
member of the cathelicidin family AMPs in human. LL-37 is cleaved by the protease 
from hCAP18 and shows various effects other than antibacterial activity including 
immune regulation [1, 92]. LL-37 is expressed in the epithelial cells of numerous 
organs [61], and is increasingly recognized as a novel modulator of tumor growth and 
metastasis in carcinogenesis of various cancers [27]. Ren et al. has revealed that LL-37 
expression was significantly suppressed in human colon cancer tissue compared with 
normal tissue, and LL-37 can induce caspase-independent apoptosis in colon cancer 
cells. Furthermore, in this report, CRAMP, a mouse cathelicidin AMP, deficient mice 
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demonstrate high ratio of carcinogenesis induced by azoxymethane administrations [52]. 
However, it has been reported that LL-37 is expressed in human lung cancer cells (20–
30 ng/mL) and acts as a growth factor [126]. In this report, however, the concentration 
of LL-37 necessary to activate lung cancer cell proliferation was in the order of ng/mL, 
whereas the administration of 20 μg/mL LL-37 decreased the cell numbers. In prostate 
cancer and ovarian cancer, LL-37 is also overexpressed and associated with 
proliferation [127, 128]. These observations suggest that the role of LL-37 in each 
cancer is different and its control is surprisingly complicated, which results in one of the 
limitations of its application in cancer treatment. The relationship between AMPs and 
cancer is not discussed with regard to miRNAs to date, thus this study is the first report. 
As previously described, miR-663a has been reported to be associated with cancer 
suppression in several cancers, although its increased level was found in lung cancer, 
ovarian cancer [129, 130], and castration-resistant prostate cancer [131]. These 
observations indicate that the differential sensitivity of LL-37 among cancer types is 
associated with the expression of miR-663a, although further investigation is needed. 
 C-X-C chemokine receptor type 4 (CXCR4) is broadly expressed in various 
malignant tumors including colon cancer [132]. CXCR4 is upregulated by the 
microenvironment, and isolated metastatic cells likely require CXCR4 signals to initiate 
their proliferation, suggesting that CXCR4 inhibitors have potential as anticancer agents 
to suppress the outgrowth of micrometastasis [133] . The present study shows that 
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CXCR4 expression was reduced in over-expressing miR-663a HCT116 cells, which 
resulted in the suppression of proliferation. Yu et al. reports that miR-663a negatively 
regulates CXCR4 expression by targeting its coding sequence in human glioblastoma 
cells and compromises proliferation [134]. This report suggests that miR-663a directly 
binds to the coding sequence of CXCR4 mRNA to suppress its translation. Thus, the 
suppression of proliferation in over-expressing miR-663a colon cancer cells might be 
induced by the same mechanism as in glioblastoma cells. I observed similar protein 
expression levels of CXCR4, p21, and cdc2 in HCT116 cells treated with FF/CAP18 
(Figure 18), which demonstrates that one of the pathways of the anti-cancer mechanism 
of AMPs can be triggered by targeting CXCR4 via miR-663a overexpression and 
changing the downstream signals containing p21 and CDC2 (Figure 19). 
 From previous reports, the mechanism of the anti-cancer effects of AMPs 
against cancer cells includes multiple directions such as apoptosis, necrosis, and 
autophagy [98, 110, 135]. I previously described that FF/CAP18 induces apoptotic cell 
death in HCT116 cells through dynamic changes in the levels of metabolic profiles and 
revealed that the glycolytic pathway was restricted, resulting in reduced energy status 
(CHAPTER 3). To reveal the relationship between miR-663a and metabolism in 
HCT116 cells, I have done metabolome analysis in a similar way. I could not observe 
appreciable changes in the glycolytic pathway and energy status (Figure 20). 
Furthermore, I confirmed that LL-37 and FF/CAP18 induce anti-proliferative effect on 
 81 
another colon cancer cell line, Caco2, which was accompanied by the upregulation of 
miR-663a expression as well as on HCT116 cells (Figure 21). These data support 
previous hypotheses that AMPs can act against cancer, including colon cancer, through 
a variety of mechanisms of action, and the modulation of miR-663a could be just one 
factor inducing the negative affect on cancer by the administration of AMPs.   
 I showed that miR-663a inhibits the growth of colon cancer cells in vitro and 
in vivo by upregulating p21 gene expression and the subsequent induction of cell cycle 
arrest and apoptosis. Similar result has been reported about miR-6734 in the colon 
cancer cell HCT116 [136]. In this study, miRNA microarray identified 17 miRNAs, 
including miR-663a, as upregulated miRNAs in HCT116. However, miR-6734 was not 
upregulated. Thus, the regulation system of cancer growth can include various signal 
controls via miRNA. 
Recently, new drug delivery systems have been studied to improve AMP’s 
activities and overcome transportation problems. For instance, theragnostics and drug 
delivery strategies using magnetic anti-cancer drugs are expected to bring new hope for 
cancer therapy [137]. Indeed, Niemirowicz et al. reported that magnetic nanoparticles 
enhance the anticancer activity of LL-37 against colon cancer cells [138]. Moreover, 
using mesoporous silica nanoparticles has been investigated [139]. Therefore, AMPs, 
including LL-37 and its modified peptides, have the potential to be anticancer agents if 
they are appropriately targeted using these drug delivery systems. 
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In conclusion, I report that human cathelicidin antimicrobial peptide, LL-37, 
and its analogues suppress the proliferation of colon cancer cells via the upregulation of 
miR-663a abrogating CXCR4 expression. This study contributes to the understanding of 
anti-cancer mechanisms in colon cancer cells treated with AMPs, and highlights the 


















Figure 18. Protein levels of CXCR4, p21, cdc2, phospho-cdc2, and α−tubulin in the total 
cell lysate were determined by western blotting analysis. Representative data are shown 
in triplicate experiments. Ratio of phospho-cdc2/cdc2 was calculated after digitalization 
by using JustTLC and shown as mean ± SD of triplicate experiments. (** p < 0.001).. 	
Figure 19. Putative model of anti-cancer effect of AMPs in HCT116 cells.  miR-663a 
upregulated by AMPs suppresses CXCR4 expression leading to reduced phosphorylation 
of Akt. Consequently, p21 and the inactive form of cdc2 accumulation are caused, which 



















Figure 20. Metabolome data map of the glycolysis metabolic pathway in HCT116 cells. 
Each bar represents the relative amount of a metabolite for HCT116 (blue) transduced 
with control vector (red) or miR-663a over-expressing vector (green). All metabolite data 
are shown as the mean of triplicate samples ± SD. Detailed materials and methods are 












Figure 21. miR-663a is upregulated in Caco2 cells treated with LL-37 and FF/CAP18 the 
same as in HCT116 cells. (A) Viability of Caco2 cells after treatment with LL-37, FF/
CAP18, or Sc/FF for 48 hours at the concentration of 100–1.5625 μg/mL. Each data is 
presented as mean ± SD of triplicate experiments. (* p < 0.05; ** p < 0.001). Caco2 cells 
were purchased from RIKEN Bioresource Center (RBRC-RCB0988) and maintained in a 
same condition as HCT116 cells. (B) Relative expression of miR-663a in Caco2 cells 
treated with LL-37 (40, 80 μg/mL) and FF/CAP18 (40 μg/mL). Each data is shown as 























I revealed that human cathelicidin antimicrobial peptide, LL-37, and its 
analogue, FF/CAP18 suppress the proliferation of colon cancer cells via apoptotic cell 
death, changes in the levels of metabolites and the upregulation of miR-663a abrogating 
CXCR4 expression. I describe main results and findings below; 
 
1. Human cathelicidin antimicrobial peptide, LL-37 and its analogue peptide, 
FF/CAP18 have anti-proliferative effect on human colon cancer cell line, HCT116 
cells. Furthermore, FF/CAP18 induced depolarization of the partial mitochondrial 
membrane and fragmentation of DNA, which are events of apoptosis in the earlier 
and final stage, respectively. The further key finding in this study is that the 
antiproliferative effect of this peptide is independent from the p53 signaling 
pathway. 
 
2. PCA and HCA of large-scale metabolic profiling demonstrated remarkable 
differences between non-treated HCT116 cells, cells treated with FF/CAP18 at 10 
μg/ml, and cells treated with 40 μg/ml FF/CAP18. A great number of metabolites, 
including nucleotides, TCA cycle components, and amino acids in HCT116 cells, 
increased after treatment with FF/CAP18 at 10 μg/ml compared with non-treated 
cells, indicating that FF/CAP18 could induce favorable metabolic conditions at this 
comparatively low concentration. On the other hand, at a concentration of 40 μg/ml, 
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FF/CAP18 caused shortages of various metabolites. 
 
3. I identified miR-663a as the upregulated miRNA in the colon cancer cell line 
HCT116 treated with human cathelicidin AMP, LL-37 and its analogue, FF/CAP18. 
Moreover, I revealed that upregulated miR-663a in HCT116 cells induced the 
suppression of growth through cell cycle arrest at the G2/M phase. Furthermore, I 
confirmed down-regulation of C-X-C chemokine receptor type 4 (CXCR4) and 
upregulation of p21 in HCT116 cells treated with FF/CAP18, which demonstrates 
that one of the pathways of the anti-cancer mechanism of AMPs can be triggered by 
targeting CXCR4 and activating the downstream signals. 
 
 These data support AMPs can act against cancer, including colon cancer, 
through a variety of mechanisms of action, and the modulation of metabolites and 
miRNAs could be one of important regulative factors inducing the negative affect on 
cancer by the administration of AMPs. I believe these studies contributes to the 
understanding of anti-cancer mechanisms in colon cancer cells treated with AMPs, and 
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